Glucocorticoid hormones are known to act synergistically with other stress-activated neuromodulatory systems, such as norepinephrine and corticotropin-releasing factor (CRF), within the basolateral complex of the amygdala (BLA) to induce optimal strengthening of the consolidation of long-term memory of emotionally arousing experiences. However, as the onset of these glucocorticoid actions appear often too rapid to be explained by genomic regulation, the neurobiological mechanism of how glucocorticoids could modify the memory-enhancing properties of norepinephrine and CRF remained elusive. Here, we show that the endocannabinoid system, a rapidly activated retrograde messenger system, is a primary route mediating the actions of glucocorticoids, via a glucocorticoid receptor on the cell surface, on BLA neural plasticity and memory consolidation. Furthermore, glucocorticoids recruit downstream endocannabinoid activity within the BLA to interact with both the norepinephrine and CRF systems in enhancing memory consolidation. These findings have important implications for understanding the fine-tuned crosstalk between multiple stress hormone systems in the coordination of (mal)adaptive stress and emotional arousal effects on neural plasticity and memory consolidation.
INTRODUCTION
Emotional enhancement of memory, our ability to create strong and vivid recollection of biologically significant experiences, is a highly adaptive and fundamental survival mechanism (Christianson, 1992 ), yet it also contributes to the development of stress-related psychopathologies (de Quervain et al, 2009) . Glucocorticoid hormones (corticosterone in rodents, cortisol in humans) are essentially involved in strengthening the consolidation of longterm memory of emotionally arousing experiences in animals (de Kloet et al, 1999; Roozendaal and McGaugh, 2011) and humans (Buchanan and Lovallo, 2001; Kuhlmann and Wolf, 2006) . Compelling evidence indicates that glucocorticoids interact with other stress-activated neuromodulatory mechanisms within the basolateral complex of the amygdala (BLA) in influencing neural plasticity and information storage processes (Roozendaal and McGaugh, 2011) .
Most notably, there is extensive support for dynamic and time-controlled interactions between glucocorticoids and arousal-associated noradrenergic activity (Joëls et al, 2011; Roozendaal et al, 2006a) . For instance, corticosterone administered after an emotionally arousing training experience rapidly elevates norepinephrine levels in the amygdala (McReynolds et al, 2010) and augments norepinephrineinduced activation of the transcription factor cAMP response element-binding (CREB) protein (Roozendaal et al, 2006b) , whereas a blockade of b-adrenoceptors in the BLA prevents glucocorticoid effects on memory consolidation (Roozendaal et al, 2002) . Glucocorticoid signaling within the BLA is also necessary to enable corticotropinreleasing factor (CRF) effects on memory consolidation . This fine-tuned scheme of stress hormone interactions results in optimal functioning of the BLA, ensuring that stress-related information is retained very well (de Quervain et al, 2009; Kuhlmann and Wolf, 2006; Roozendaal et al, 2006a Roozendaal et al, , 2008 . Despite its important functional implications, the neural mechanism(s) of how glucocorticoids rapidly interact with other stress-activated modulatory systems in promoting memory consolidation remain largely elusive.
It has long been recognized that steroid hormones primarily exert their effects on neuronal function by their ability to change gene transcription in the nucleus (de Kloet et al, 1999) ; however, an array of glucocorticoid effects occur in a fashion that cannot be explained by genomic regulation (Atsak et al, 2012b; Dallman, 2005) . These findings prompted the hypothesis that glucocorticoids possess membrane-associated receptors through which nongenomic signaling evokes rapid effects on physiology and behavior. The lipid-based endocannabinoid system has recently emerged as one candidate system to mediate such rapid glucocorticoid actions (Atsak et al, 2012a; Evanson et al, 2010; Hill et al, 2010c; Tasker and Herman, 2011) . Endocannabinoids, ie, anandamide and 2-arachidonoyl glycerol (2-AG), are short-lived retrograde messengers that are synthesized on demand and released from postsynaptic neurons (Kano et al, 2009) . They bind to the cannabinoid receptor subtype 1 (CB1 receptor) at presynaptic sites to control neurotransmitter release and excitatory-inhibitory balance in neuronal networks (Kano et al, 2009) . CB1 receptors are abundantly expressed in the BLA (and other limbic regions) where they regulate stress and emotional arousal effects on synaptic transmission, neuronal firing, and memory (Akirav, 2011; Campolongo et al, 2009; Pistis et al, 2004) . Findings that corticosterone administration rapidly increases amygdala endocannabinoid levels (Hill et al, 2010a) , whereas a blockade of CB1 receptor activity in the BLA prevents corticosterone-induced memory enhancement (Campolongo et al, 2009 ) reiterate the growing notion of the endocannabinoid system as a rapid mediator of responses to stress and stress hormones (Atsak et al, 2012b; Hill and McEwen, 2010b) . The current study investigated whether endocannabinoid signaling within the BLA mediates the permissive actions of glucocorticoids onto the noradrenergic and CRF systems and thereby aids in integrating the modulatory influences of multiple stress hormone signals on memory consolidation.
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (280-320 g at time of surgery; Charles River, Kisslegg, Germany) were kept individually in a temperature-controlled (22 1C) colony room (07:00-19:00 h lights on) with ad libitum access to food and water. Training and testing were performed between 10:00 and 15:00 h. All procedures were performed in compliance with the European Communities Council Directive of 24 November 1986 (86/609/EEC) and approved by the Institutional Animal Care and Use Committee.
Surgery
Cannula implantation was performed according to a standardized protocol (Fornari et al, 2012) . In brief, the rat was positioned in a stereotaxic frame (Kopf Instruments, Tujunga, CA) and two stainless-steel guide cannulae (15 mm; 23 gauge; Component Supply Co/SKU Solutions, Fort Meade, FL) were implanted bilaterally with the cannula tips 2.0 mm above the BLA (anteroposterior, À 2.8 mm from Bregma; mediolateral, ± 5.0 mm from midline; dorsoventral, À 6.5 mm from skull surface (Paxinos and Watson, 2007) ). The rats were allowed to recover for a minimum of 7 days before initiation of training and were handled three times for 1 min each during this recovery period. See Supplementary Materials and Methods for full protocol.
Inhibitory Avoidance Apparatus and Procedures
Rats were trained and tested in an inhibitory avoidance apparatus (see Supplementary Materials and Methods). After the rat stepped into the dark compartment, the sliding door was closed and a single inescapable footshock (0.60 mA) was delivered for 1 s. For the experiment with systemic drug administration, a lower footshock intensity (0.35 mA, 1 s) was used. For 48-h retention testing, the rat was placed into the starting compartment and the latency to re-enter the shock compartment with all four paws was measured (maximum latency of 600 s). Longer latencies indicate better retention.
Drugs and Infusion Procedures
The GR agonist RU 28362 (11b,17b-dihydroxy-6,21-dimethyl-17a-pregna-4,6-trien-20yn-3-one; 1, 3, or 10 ng; Aventis, Frankfurt, Germany), the membrane-impermeable glucocorticoid Cort:BSA (1, 3, or 10 ng; Sigma-Aldrich), the CRF-binding protein inhibitor human/rat CRF 6-33 (0.01, 0.1, or 1 mg; Bachem, La Jolla, CA), and the b-adrenoceptor agonist clenbuterol (1, 10, or 100 ng; Sigma-Aldrich) were infused into the BLA (0.2 ml per hemisphere) immediately after inhibitory avoidance training either alone or together with the selective CB1 receptor antagonist AM251 (N-1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide; 0.14 ng; Sigma-Aldrich). The synthetic cannabinoid agonist WIN55,212-2 (R-( þ )-(2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]pyrol[1,2,3-de]-1,4-benzoxazin-6-yl)(1-naphthalenyl) methanone monomethanesulfonate; 10, 30, or 100 ng; Sigma-Aldrich) was infused into the BLA alone or together with the GR antagonist RU 38486 (17b-hydroxy-11b-(4-dimethylaminophenyl)-17a-(1-propynyl)-oestra-4,9-dien-3-one; 1 ng; Aventis) or b-adrenoceptor antagonist propranolol (0.5 mg; SigmaAldrich). In the last experiment, clenbuterol (1, 10, or 100 ng) or CRF (1 mg) was given together with WIN55,212-2 (1 ng) and RU 38486 (1 ng). Each animal was used for a single behavioral experiment and drug administration only. Drug preparation and the infusion procedures are detailed in Supplementary Materials and Methods.
Corticosterone (3 mg/kg; Sigma-Aldrich) either alone or together with the CB1 receptor antagonist SR141716 (rimonabant, 5-(4-chlorophenyl)-1-(2,4-dichloro-phenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide; 1 mg/kg; Kemprotec Ltd., Middlesbrough, UK) was given subcutaneously, in a volume of 2 ml/kg, immediately after the training. This dose of corticosterone results in an increase in circulating corticosterone levels within the physiological range and enhances memory consolidation (Miranda et al, 2008) . The corticosterone and SR141716 mixture was dissolved in 5% polyethylene glycol, 5% tween-80, and 5% ethanol in saline. All drug doses are based on previous studies; see Supplementary Materials and Methods for corresponding references. 
Statistics
Data are presented as mean ± SEM. Inhibitory avoidance latencies and pCREB cell counts were analyzed with two-or three-way ANOVAs. Further analysis used Fisher's post hoc tests to determine the source of the detected significances, when appropriate. To determine whether learning had occurred, paired t-tests were used to compare training and retention latencies of individual rats. A probability level of o0.05 was accepted as statistical significance.
RESULTS
The Endocannabinoid System of the BLA Mediates Glucocorticoid Effects on Memory Consolidation
We first determined to what extent endocannabinoid signaling is implicated in regulating glucocorticoid effects per se on memory consolidation. Rats, equipped with bilateral cannulae aimed at the BLA (Figure 1a) , were trained on a one-trial inhibitory avoidance task and immediately after the training trial, ie, during the consolidation phase, administered the specific GR agonist RU 28362 either alone or together with the CB1 receptor antagonist AM251. Retention of the training was tested 48 h later. Average stepthrough latencies during training were 13.4±0.7 s (mean± SEM) and did not differ between groups (see Supplementary Material for training latencies of all experiments). Fortyeight-hour retention test latencies of rats administered vehicle into the BLA immediately after training were significantly longer than their entrance latencies on the training trial (paired t-test: P ¼ 0.01), indicating that the rats retained significant memory of the shock experience. As shown in Figure 1b , two-way ANOVA for retention latencies revealed significant RU 28362 (F 3,80 ¼ 2.98; P ¼ 0.04) and AM251 effects (F 1,80 ¼ 4.26; P ¼ 0.04) as well as a significant interaction effect (F 3,80 ¼ 4.07; P ¼ 0.04). RU 28362 (1, 3 or 10 ng) induced dose-dependent retention enhancement (1 ng: Po0.01). AM251 (0.14 ng) alone did not impair retention, but blocked the retention enhancement induced by RU 28362. Rats treated with AM251 together with RU 28362 (1 ng) had significantly shorter latencies than those given the same dose of RU 28362 alone (Po0.01).
Next, we investigated whether glucocorticoid effects on the endocannabinoid system in regulating memory consolidation involve the activation of a corticosteroid receptor on the cell surface. Emerging evidence indicates that rapid glucocorticoid actions are mediated either by a putative G-protein-coupled membrane receptor or by an isoform of the classical steroid receptor that is located at the membrane (Johnson et al, 2005) . The membrane-impermeable glucocorticoid ligand Cort:BSA, ie, corticosterone conjugated to bovine serum albumin, was administered posttraining into the BLA either alone or together with AM251. Two-way ANOVA for 48-h retention latencies revealed significant Cort:BSA (F 3,92 ¼ 2.85; P ¼ 0.04) and AM251 effects (F 1,92 ¼ 7.33; P ¼ 0.008) as well as a significant interaction effect (F 3,92 ¼ 2.76; P ¼ 0.046). Cort:BSA (1, 3 or 10 ng) dosedependently enhanced retention (1 ng: Po0.05; 3 ng: Po0.01), whereas co-administration of the CB1 receptor antagonist AM251 (0.14 ng) blocked the retention enhancement produced by Cort:BSA (3 ng: Po0.05; Figure 1c ).
These findings indicate that CB1 receptor signaling within the BLA is required for enabling the memory-enhancing effect of GR agonist or Cort:BSA. However, glucocorticoids might strengthen consolidation processes by concurrently activating GRs at several functional levels within the cell or local network, some that are independent of endocannabinoid signaling. To determine the significance of the endocannabinoid pathway in contributing to the memoryenhancing effects of glucocorticoids, we examined whether direct activation of endocannabinoid signaling with posttraining intra-BLA infusions of the synthetic cannabinoid agonist WIN55,212-2 (10, 30, or 100 ng) would enhance memory consolidation under a condition where other GRmediated actions are pharmacologically blocked by its specific antagonist RU 38486 (1 ng) (Barsegyan et al, 2010) . Two-way ANOVA for 48-h retention latencies revealed a significant WIN55,212-2 effect (F 3,91 ¼ 13.65; Po0.0001), but no GR antagonist effect (F 1,91 ¼ 0.33; P ¼ 0.57) or interaction between both drugs (F 3,91 ¼ 0.04; P ¼ 0.99). As shown in Figure 1d , WIN55,212-2 administered alone induced dose-dependent retention enhancement (10 ng: Po0.01). As with WIN55,212-2 alone, the 10 ng dose of WIN55,212-2 co-infused with the GR antagonist induced Endocannabinoids, stress hormones and memory P Atsak et al significantly longer retention latencies (Po0.01). These findings indicate that glucocorticoid-induced recruitment of downstream endocannabinoid signaling is a major route by which glucocorticoids enhance the consolidation of memory, as concurrent blockade of other GR-mediated mechanisms does not seem to prevent or attenuate this memory enhancement.
The Endocannabinoid System Mediates Glucocorticoid Effects on Neural Plasticity within the BLA Rapid glucocorticoid actions on memory consolidation are known to involve phosphorylation of the transcription factor CREB, recruitment of co-activators, and changes in chromatin function . Extensive evidence implicates CREB activation within the BLA as an essential step in the molecular process underlying memory consolidation (Josselyn et al, 2004) . To investigate whether endocannabinoid activity is required for mediating glucocorticoid effects on CREB activation, the CB1 receptor antagonist SR141716 (rimonabant; 1 mg/kg) was administered subcutaneously together with corticosterone (3 mg/kg) immediately after inhibitory avoidance training, and the number of cells expressing immunoreactivity for phosphorylated CREB (pCREB) within the BLA was assessed 1 h later. Two-way ANOVA for the number of pCREB-positive cells revealed significant corticosterone (F 1,18 ¼ 6.21, P ¼ 0.02) and SR141716 effects (F 1,18 ¼ 8.50, P ¼ 0.001) as well as a significant interaction effect (F 1,18 ¼ 6.53, P ¼ 0.02). As shown in Figures 2a and b 1 , corticosterone administration significantly increased the number of pCREB-positive cells (170 ± 14%; Po0.01, relative to vehicle), and coadministration of SR141716 blocked the corticosterone effect (94±13%; Po0.01). Qualitative double labeling indicated that the majority of pCREB-expressing cells also stained positive for CAMKII, a marker for glutamatergic pyramidal neurons (Figure 2b 2 ). Separate groups of rats were tested for retention 48 h after the training and drug treatment. Two-way ANOVA for retention latencies indicated significant corticosterone (F 1,36 ¼ 9.09; P ¼ 0.005) and Retention latencies of rats given posttraining intra-BLA infusions of the GR agonist RU 28362 (1, 3, or 10 ng in 0.2 ml) alone or together with the CB1 receptor antagonist AM251 (0.14 ng). **Po0.01 vs vehicle;~~Po0.01 vs RU 28362 only (n ¼ 9-12/group). (c) Retention latencies of rats given posttraining intra-BLA infusions of the membrane-impermeable glucocorticoid Cort:BSA (1, 3, or 10 ng in 0.2 ml) alone or together with AM251 (0.14 ng). *Po0.05; **Po0.01 vs vehicle;~Po0.05 vs Cort:BSA alone (n ¼ 11-14/group). (d) Retention latencies of rats given posttraining intra-BLA infusions of the cannabinoid agonist WIN55,212-2 (10, 30, or 100 ng in 0.2 ml) alone or together with the GR antagonist RU 38486 (1 ng). **Po0.01 vs vehicle; (n ¼ 10-14/group). Data depict 48-h retention latencies (mean þ SEM) in seconds(s).
Endocannabinoids, stress hormones and memory P Atsak et al SR141716 effects (F 1,36 ¼ 27.17; Po0.0001) as well as a significant interaction (F 1,36 ¼ 10.98; P ¼ 0.002). The corticosterone injection enhanced retention performance (Po0.01), whereas co-administration of SR141716 blocked the corticosterone effect (Po0.01; Figure 2c ).
The Endocannabinoid System Mediates Glucocorticoid Actions on the Noradrenergic System in Regulating Memory Consolidation
Extensive evidence indicates that glucocorticoids interact with arousal-associated noradrenergic activation within the BLA to selectively enhance the consolidation of memory of emotionally salient experiences (Roozendaal et al, 2006a (Roozendaal et al, , 2006b ). Previously we showed that the b-adrenoceptor antagonist propranolol infused into the BLA blocks glucocorticoid effects on memory consolidation (Roozendaal et al, 2006a (Roozendaal et al, , 2006b . We investigated whether the memoryenhancing effects of endocannabinoids, like those of glucocorticoids, depend on endogenous noradrenergic activity within the BLA. Rats were trained on the inhibitory avoidance task and received posttraining infusions of propranolol (0.5 mg) together with the cannabinoid agonist WIN55,212-2 (10, 30, or 100 ng). As shown in Figure 3a , two-way ANOVA for 48-h retention latencies revealed significant WIN55,212-2 (F 3,75 ¼ 4.33; P ¼ 0.007) and propranolol effects (F 1,75 ¼ 4.64; P ¼ 0.03) as well as a significant interaction between conditions (F 3,75 ¼ 3.15; P ¼ 0.03). WIN55,212-2 alone induced dose-dependent retention enhancement (10 ng: Po0.01). Propranolol did not impair retention, but blocked the retention enhancement induced by concurrently administered WIN55,212-2 (10 ng: Po0.01). Previously, we reported that GR activation in the BLA might facilitate memory consolidation via a rapid potentiation of the norepinephrine-signaling cascade through an interaction with G protein-mediated effects (Roozendaal et al, 2002) . We found that a suppression of GR signaling with its specific antagonist RU 38486 reduces the sensitivity of the BLA to the memory-enhancing effects of noradrenergic stimulation such that a much higher dose of the b-adrenoceptor agonist clenbuterol is required to induce memory enhancement. If the endocannabinoid system is the primary route by which glucocorticoids alter the sensitivity Endocannabinoids, stress hormones and memory P Atsak et al of the BLA to clenbuterol, then pharmacological augmentation of cannabinoid activity with an otherwise non-enhancing dose of WIN55,212-2 should compensate for this GRblockade effect. On the other hand, if the glucocorticoid effect depends on multiple concurrent mechanisms, elevating cannabinoid signaling should not, or only partly, reverse the GR antagonist effect. As shown in Figure 3b , three-way ANOVA for 48-h retention latencies revealed a significant clenbuterol effect (F 3,167 ¼ 13.05; Po0.0001) as well as a significant interaction between clenbuterol, GR antagonist, and cannabinoid agonist (F 3,167 ¼ 3.00; P ¼ 0.03). When clenbuterol (1, 10, or 100 ng) was administered alone, the 1 ng dose enhanced retention latencies (Po0.01), whereas the 10 and 100 ng doses were ineffective. As expected, the GR antagonist RU 38486 (1 ng) shifted the dose-response effects of clenbuterol such that a 100 times higher dose of clenbuterol was required to induce memory enhancement (100 ng: Po0.01). Most importantly, whereas the low dose of WIN55,212-2 (1 ng) alone was insufficient to enhance memory or alter the dose-response effects of clenbuterol, it totally prevented the dose-shift induced by the GR antagonist (1 ng: Po0.01). These findings indicating that augmentation of cannabinoid signaling fully compensates for the lack of GR activation and normalizes the sensitivity of the BLA to noradrenergic stimulation show that the endocannabinoid pathway is the primary route by which glucocorticoids alter the memory-enhancing effects of noradrenergic stimulation.
If the endocannabinoid system mediates the glucocorticoid influence on the noradrenergic system, then a blockade of CB1 receptors with posttraining intra-BLA infusions of AM251 should produce an identical shift in the doseresponse effects of clenbuterol. As shown in Figure 3c , two-way ANOVA for 48-h retention latencies revealed a significant interaction between the two drug conditions (F 3,75 ¼ 6.13; P ¼ 0.0009). The lowest dose of clenbuterol (1 ng) alone enhanced retention (Po0.05), whereas higher doses (10 or 100 ng) were ineffective. When AM251 (0.14 ng) was co-infused with clenbuterol, the lowest dose of clenbuterol failed to enhance retention performance, and the 100 ng dose of clenbuterol was necessary to induce significant retention enhancement (Po0.01). Thus, highly comparable to the effect of GR antagonism, a blockade of CB1 receptors reduces the sensitivity of the BLA to the memory-enhancing effect of noradrenergic stimulation.
Endocannabinoids Mediate Glucocorticoid Effects on the CRF System in Regulating Memory Consolidation
To investigate whether the endocannabinoid system serves a more general role in regulating permissive glucocorticoid effects on other stress-activated modulatory systems, we examined its involvement in mediating glucocorticoid effects onto the CRF system. Previously, we reported that a suppression of GR signaling in the BLA completely blocked the memory-enhancing effects of CRF 6-33 , a drug that enhances memory consolidation by displacing CRF from the CRF-binding protein and increasing the 'free' concentration of endogenous CRF . In analogy to the experiment above, we investigated whether pharmacological activation of CB1 receptors with a non-enhancing dose of WIN55,212-2 would override the GR-blockade effect on CRF 6-33 -induced memory enhancement. Three-way ANOVA for 48-h retention latencies revealed a significant CRF 6-33 effect (F 1,83 ¼ 55.13; Po0.0001) and significant interaction between CRF 6-33 , GR antagonist, and cannabinoid agonist (F 1,83 ¼ 5.48; P ¼ 0.02). Figure 4a shows that posttraining intra-BLA infusions of the GR antagonist RU 38486 (1 ng) blocked the memory-enhancing effect of CRF 6-33 (0.1 mg; Po0.01). Importantly, whereas WIN55,212-2 (1 ng) alone did not enhance memory or modified the memory-enhancing effect of CRF 6-33 , it fully compensated for the GR antagonist effect and enabled CRF 6-33 to enhance memory consolidation in the absence of GR signaling (Po0.01).
To further explore the functional commonality of the glucocorticoid and endocannabinoid systems in regulating CRF effects on memory consolidation, we investigated whether CB1 receptor blockade would also prevent the memory-enhancing effect of CRF 6-33 . Two-way ANOVA for 48-h retention latencies demonstrated significant CRF 6-33 (F 3,86 ¼ 3.42; P ¼ 0.02) and AM251 effects (F 1,86 ¼ 4.50; Figure 3 The endocannabinoid system enables glucocorticoid effects on the noradrenergic system of the BLA in enhancing memory consolidation of inhibitory avoidance training. (a) Retention latencies of rats given posttraining intra-BLA infusions of the cannabinoid agonist WIN55,212-2 (10, 30, or 100 ng in 0.2 ml) alone or together with the b-adrenoceptor antagonist propranolol (0.5 mg). **Po0.01 vs vehicle;~~Po0.01 vs WIN55,212-2 alone (n ¼ 9-12/ group). (b) Retention latencies of rats given posttraining intra-BLA infusions of the b-adrenoceptor agonist clenbuterol (1, 10, or 100 ng in 0.2 ml) alone or together with GR antagonist RU 38486 (1 ng) and a non-enhancing dose of WIN55,212-2 (1 ng). **Po0.01 vs vehicle (n ¼ 10-14/group). (c) Retention latencies of rats given posttraining intra-BLA infusions of clenbuterol (1, 10, or 100 ng in 0.2 ml) alone or together with AM251 (0.14 ng). *Po0.05 vs vehicle;
Po0.05;~~Po0.01 vs clenbuterol alone (n ¼ 9-12/group). Data depict 48-h retention latencies (mean þ SEM) in seconds(s).
Endocannabinoids, stress hormones and memory P Atsak et al P ¼ 0.04) as well as a significant interaction effect (F 3,86 ¼ 3.69; P ¼ 0.02). As shown in Figure 4b , posttraining CRF 6-33 (0.01, 0.1, or 1 mg) infusions into the BLA induced dose-dependent retention enhancement (0.1 mg: Po0.01), whereas the CB1 receptor antagonist AM251 (0.14 ng) blocked the CRF 6-33 effect (Po0.01), indicating that antagonism of either CB1 receptor or GR results in a comparable and complete inhibition of CRF-induced memory enhancement.
DISCUSSION
The present study was undertaken to investigate whether the endocannabinoid system of the BLA mediates the permissive actions of glucocorticoid hormones onto the noradrenergic and CRF systems in regulating memory consolidation. The interest of this question stems from previous work, indicating that glucocorticoids selectively enhance the consolidation of memory for emotionally salient experiences via critical interactions with other stress-activated hormonal and neurotransmitter systems (Roozendaal et al, 2006b; Van Stegeren et al, 2007) . However, as the onset of these glucocorticoid effects appear too rapid to be mediated via genomic GR pathways, the neurobiological mechanism of how glucocorticoids modify the memory-enhancing properties of these other systems remained to be determined. Consistent with the findings of many previous pharmacological studies on memory, the GR agonist RU 28362 and the membrane-impermeable ligand Cort:BSA (as well as the other agonists used) enhanced memory in a dose-dependent manner. The mechanism underlying this dose-response effect is unknown but the generality of such inverted U-shaped effects across drug systems as well as acute stress effects on memory (eg, Roozendaal et al, 2006b; Salehi et al, 2010) strongly argues that the ineffectiveness of higher doses in the present study is not caused by any specific characteristics of the glucocorticoid drugs. Our finding that the CB1 receptor antagonist AM251 administered into the BLA after inhibitory avoidance training blocked the memory-enhancing effect of RU 28362 and Cort:BSA indicates that endocannabinoid signaling is essentially involved in regulating glucocorticoid effects on memory consolidation. Endocannabinoid signaling was also required to mediate glucocorticoid effects on pCREB expression, a well-defined mechanism for neural plasticity (Josselyn et al, 2004; Roozendaal et al, 2006a) , in BLA pyramidal neurons after inhibitory avoidance training. This glucocorticoid action most likely involves the activation of a GR on the cell surface (Johnson et al, 2005) , launching a G-proteindependent signaling cascade that induces the synthesis of endocannabinoid ligands (Di et al, 2003; Tasker and Herman, 2011) . Multiple lines of research indicate that the endocannabinoid system of the BLA is involved in neural plasticity mechanisms related to emotional learning and memory (Akirav, 2011; Campolongo et al, 2009; Marsicano et al, 2002) . As GR blockade did not attenuate the memoryenhancing effect of the cannabinoid agonist WIN55,212-2, our findings strongly suggest that the endocannabinoid pathway is a primary route by which glucocorticoids induce memory enhancement and, at least from a functional perspective, is located downstream from the GR site of action. Prior evidence that corticosterone administration rapidly ie, within 10 min, elevates endocannabinoid levels in the amygdala (Hill et al, 2010a ) supports this conclusion and further reinforces the nongenomic nature of this effect. On a broader level, these findings are consistent with evidence from in vitro studies, indicating that glucocorticoids rapidly inhibit parvocellular neurons in hypothalamic regions, in controlling hypothalamo-pituitary-adrenocortical axis activity, through a mechanism that involves the activation of a membrane-bound GR and synthesis of endocannabinoid ligands (Di et al, 2003) .
Glucocorticoids selectively enhance the consolidation of emotionally arousing experiences because of a critical dependence on endogenous noradrenergic activation within the BLA (Buchanan and Lovallo, 2001; Kuhlmann and Wolf, 2006; Roozendaal et al, 2006a; Van Stegeren et al, 2007) . In vitro electrophysiological findings support the conclu- Figure 4 The endocannabinoid system enables glucocorticoid effects on the CRF system of the BLA in enhancing memory consolidation of inhibitory avoidance training. (a) Retention latencies of rats given posttraining intra-BLA infusions of the CRF-binding protein inhibitor CRF 6-33 (0.1 mg in 0.2 ml) alone or together with GR antagonist RU 38486 (1 ng) and cannabinoid agonist WIN55,212-2 (1 ng). *Po0.01, **Po0.01 vs vehicle;~~Po0.01 vs CRF 6-33 alone (n ¼ 9-13/group). (b) Retention latencies of rats given posttraining intra-BLA infusions of CRF 6-33 (0.01, 0.1, or 1 mg in 0.2 ml) alone or together with the CB1 receptor antagonist AM251 (0.14 ng). **Po0.01 vs vehicle;~~Po0.01 vs CRF 6-33 alone (n ¼ 10-13/group). Data depict 48-h retention latencies (mean þ SEM) in seconds(s).
Endocannabinoids, stress hormones and memory P Atsak et al sion that glucocorticoids interact with the noradrenergic system in altering plasticity and cellular activity in BLA neurons (Joëls et al, 2011) . Previously, we reported that the b-adrenoceptor antagonist propranolol administered into the BLA blocked glucocorticoid effects on memory consolidation (Roozendaal et al, 2006a (Roozendaal et al, , 2006b ). Our present finding that propranolol also blocked the WIN55,212-2 effect on memory indicates that endocannabinoids, like glucocorticoids, enhance the consolidation of memory via an interaction with the noradrenergic arousal system . We proposed in prior studies that the endocannabinoid system is a likely candidate for mediating the rapid effects of glucocorticoids onto stimulating the release of norepinephrine from presynaptic sites (Campolongo et al, 2009 ). Our present findings indicate that the endocannabinoid system also mediates glucocorticoid effects at the postsynaptic level on altering the sensitivity of the BLA to the memory-enhancing effects of noradrenergic stimulation. GR blockade is known to reduce the sensitivity of the BLA to the memory-enhancing effects of the badrenoceptor agonist clenbuterol such that a 100-times higher dose is required to induce memory enhancement (Roozendaal et al, 2002) . We found here that a blockade of CB1 receptors induced an identical shift in the doseresponse effects of clenbuterol. Moreover, pharmacological augmentation of endocannabinoid signaling with an otherwise noneffective dose of WIN55,212-2 was sufficient to fully compensate for the GR antagonist effect and normalized the sensitivity of the BLA to the memory-enhancing effects of clenbuterol. These findings provide evidence for the view that recruitment of downstream endocannabinoid signaling is an essential intermediate step in mediating the permissive influence of glucocorticoids onto the noradrenergic system. The endocannabinoid system also mediates glucocorticoid effects onto the CRF system. It is well established that the glucocorticoid and CRF systems are intimately linked (Sawchenko, 1987) . We previously reported that a GR antagonist infused into the BLA blocked the enhancing effect of CRF on memory consolidation . Here, we demonstrate that CB1 receptor blockade also abolished CRF-induced memory enhancement. Moreover, a low dose of WIN55,212-2 compensated for the lack of glucocorticoid activity and reinstated the CRF-induced enhancement of memory. Although these findings imply local interactions of CRF with glucocorticoids and endocannabinoids within the BLA , the possibility that CRF-induced memory enhancement is mediated through influences on the hypothalamo-pituitary-adrenocortical axis can presently not be excluded. At the physiological level, our findings suggest that GR signaling rapidly boosts the mobilization of endocannabinoids, which then increases the excitability of BLA pyramidal neurons, rendering them more sensitive to the memory-enhancing effects of both norepinephrine and CRF (Roozendaal et al, 2006b .
How can endocannabinoid signaling regulate the excitability of BLA neurons? CB1 receptor-mediated retrograde signaling can suppress the presynaptic release of both glutamate and GABA, inducing long-term changes in neuronal excitability. Within the BLA, CB1 receptors are found predominantly on local inhibitory GABAergic interneurons. A recent study indicated that CB1 receptors are particularly enriched in axon terminals of cholecystokinin (CCK)-positive interneurons that form perisomatic synapses with pyramidal neurons in the BLA (Yoshida et al, 2011) . CCK interneurons are proposed to function as fine-tuning devices for the cooperation of pyramidal neurons, and are sensitive to the emotional and motivational state of the animal (Katona et al, 2001; Yoshida et al, 2011) . It has been reported that glucocorticoid administration rapidly elevates anandamide, but not 2-AG, levels in the amygdala (Hill et al, 2010a) . Anandamide might trigger long-term depression at inhibitory synapses and decrease GABAergic transmission (Azad et al, 2004; Gunduz-Cinar et al, 2013) . Such a suppression of inhibitory transmission can then increase the firing rate or excitability of BLA neurons through feedforward inhibition (Pistis et al, 2004) . Interestingly, it has been reported that corticosterone also increases the spontaneous firing rate and excitability of principal BLA neurons via an influence on GABAergic circuits (Duvarci and Paré, 2007; Kavushansky and Richter-Levin, 2006) . Extensive evidence indicates that an inhibition of local GABAergic circuits in the BLA enhances memory consolidation (Campolongo et al, 2009; Introini-Collison et al, 1994) . A recent study reported that endocannabinoids can also alter BLA activity through an inhibition of CCK transmission (Bowers and Ressler, 2014) , but whether this has a role in mediating glucocorticoid effects on memory remains to be investigated.
Collectively, our findings indicate that the endocannabinoid system is a primary route by which glucocorticoids Figure 5 A model illustrating the role of the endocannabinoid system within the BLA in integrating the effects of glucocorticoids and the norepinephrine and CRF systems on memory consolidation. Corticosterone (CORT) is released during emotionally arousing events and binds to a membrane-bound GR, which activates the intracellular cAMP/PKA signaling pathway to induce endocannabinoid (eCB) synthesis. Endocannabinoids are then released into the synapse where they bind to CB1 receptors on GABAergic terminals and thereby inhibit the release of GABA. This suppression of GABA release subsequently disinhibits norepinephrine (NE) release, and increases the excitability of BLA pyramidal neurons, rendering them more sensitive to the effects of norepinephrine and CRF. Together, these effects will result in an increased activation of the cAMP/PKA pathway and phosphorylation of cAMP response element binding (CREB) protein. These stress hormone effects in the BLA are required for enhancing memory consolidation of emotionally arousing experiences.
Endocannabinoids, stress hormones and memory P Atsak et al enhance memory consolidation and sensitize BLA neurons to the memory-enhancing effects of norepinephrine and CRF ( Figure 5 ). They support the hypothesis that the endocannabinoid system acts to integrate the fine-tuned crosstalk between multiple stress hormone systems in the coordination of stress and emotional arousal effects on neural plasticity and memory consolidation. Although emotional enhancement of memory has obvious adaptive value in evolutionary terms, the present findings might also carry important implications for maladapative stress responses. Changes in glucocorticoid (Yehuda, 2009) , endocannabinoid (Hauer et al, 2013; Hill et al, 2013; Neumeister et al, 2013) , and catecholaminergic (Krystal and Neumeister, 2009) signaling have repeatedly been demonstrated in individuals after malignant stress exposure and the development of posttraumatic stress disorder (PTSD). Critically, a recent study reported that the combined assessment of alterations in cortisol and anandamide levels has a much higher predictive value in classifying PTSD cases than analysis of these factors individually (Neumeister et al, 2013) . These findings underscore the importance of delineating the complex interactions between the multiple stress hormone systems in the regulation of memory consolidation of emotionally arousing, and sometimes traumatic, experiences.
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